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Alstract — A derector design thal is capable of fmding the image of Reulroa Sources within a duciear
mbeale Is diserssed. The prethad invedves the dowbie seatter of @ retatran [a ae areay of orgamic soin-
reflgrar elements and the parrial recoustruction of the incident peutron divection veerar friomm the it
Sormanon the array provides. The Monte Carlo simualotion resulis for a bosic destgn and several
modificarions are presenied, The resulrs of on experimental demaonsration of the 1echrigue using
crude pentodepe detector are piven, Prohlemys expected im o read applicadion are discussed.

1 INTRODUCTION

In Tuture noclear arms reduction treaties, there
may be rhe need (o provide 4 method of verilyving or
counting 1he nutmbet of nuclear warheads contained
within a given missile. Qur motivation for working on
this wype of detector siems from our support of a treaty
verification program ar Las Alamos Mational Labora-
1ory where we are investigaling the detection af the
neutrons emitted in spentaneous fission and {a, /) re-
actions.

The method involves Lhe double scawer af newtrons
{raom cells of orgame seintillator material and is sicni-
tar tor a method used in the detectron of atmospheric
or solar newtrons. ™ The two bit pusitions, the pulse
height associated with the proton recoil in the first cell,
aud the time of flight {TOF) of tht neutron between
the two scatrers are used to partially reconstruct the in-
cident nedtron momentum vectot. An incident nentron
encTey is also obtained. An image ol & nearby neutron
source ar sources is abtained after several thousand
oveTILs,

Our approach is primarily through the use of a
Monte Carlo code o investigate the performance of
conceplual detector designs. Becauss the trug applica-
tign is quite complicated by the warbead and missile
designs and by political cansiderations, we do not de-
velop an optimum design but rather siudy the simulated
imaging performance of a fow reasonable designs, We
also demansteate the feasibility of the method by ex.
perimental investigalions using a crude prorotype de-
tector with a lahoratory 2*2CT (spontageous (ission)
source, Several problems unforeseen by the Monte
Carlir studics are encountered in the experiments.

In this paper, we discuss a possible detector config-
uration and develop the basic physics involved in the
imaging scheme. The resolution effects expected in a
real detector are discussed. The results of several de-
tector simulations that mclude model resolution effects
are given. The result of an experimental demoenstration
nsing a prototype detector and a spomlaneous fission
neatron source 15 shown and compared te a Monte
Carle tesult. Finally, some of the 1ssues in consiruet-
ing a real detector system are discussed.
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I CONCEPTUAL BETEC IR CONFLOLURATLC

Figwra 1 shows a schematic view of a dejector com-
figuration. There are two planes of plastic scinullarar,
cach a fow centimetres thick, subdivided into individ-
val elements 1 0o 10 ¢om an a side. Moutoons scabier sc-
gquentiglly From the hydreeen ouclei i the firsg plane
and then the scoond. Each element has a pholomaoalii-
plier (P& tobe and associared clectronizs necded 10
determine the pulse heieht and tmine ol neutron
events in the colls. The newtrons pass throueh the PPM
tubes when traveling Trom the firs plane 10 the secand,
with # small probability o scattering in the tube ina-
terial. The trigger is formed from a coincidence ha-
tween the rwo planes {i. 2., 2 loeieal “AND® berween
the “OR™ of all cells io the Tirst plane and the “CIR"™ 3]
all cells in the second planc). A computer is ased 1o
evialuawe the data from each iroger on an event-h-
evenl basis.

Figure 2 ilustraces the eocanerry assumed for the
partial reconstruction ol the iovidenr neaten directian.
A spurce neutton s incident on the frome face of 1he
derectar at an angle 5 refanive 1o the normal of the de-
tector plaoe, scatters [Tom a praton in the fiost plane
ar a rcaction angle o + 5 (Lne praton angle is 33, and
is dereied in a second plane. The anple o (of the scatf-
tered meutron i the detecior cacrdinate syatermb is de-
rermined from the known bit posicions. For cach event,
the scaltered neotron’s enerey £, is known feom s
TOF hetween planes. The pulec amplitude for the scat-
ter in the fronn plane is converted 1o a praron energy
£, by use of o light vutput curve for protoos o Lhe
scintillator material. The proton scattering angle s
faund from the kinematical relation @ = avclan|t g, #
EJ..]] 1. The angle < is then (oond From the geonietric
relatin o + 3 + 3 = S0 deg.

From the foregoing information, the tneident nea-
tron hid position and incident aoele are hnown {addi-
tianally the incident encrgy is known from E, = £, +
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Fig. 2. & smplilied, 1w o-dimensional version of the ge-

ametry assumed for the neniron's double scarter in the de-

1ecmat, The scacered proton encrgy in the frune plane i

faund fran the pulse amplicude, and the scattered newiton
eoergy is found lvoa the nowrron TOY between planes.

Ep). This infonmatian is net complete enough Lo
uniquely determioe the incident neutron direction.
However, the locus of all possible incident directions
forr that neutran 15 a cone with irs gpex at the point of
interaction in the first plaoe, its o315 along the scatrered
neutron flieht path, and its opening anele egual w
o+ . The locus of all possible source positions is also
this same conc in space.

After many events oocur, the overlap of the concs
kracins ra Farm an image. I ihere is an esumane of one
of 1he coardinares af the source {for instance, i one
knows the bincar distance from the detecior to the
sourced, then the imaging problem is reduced 1o iwo di-
meqsians. Thus, the concs are projectal into the plans
defined by the known coordinate, and & conic scelion,
such as an cllipse or hyperbela, cesults far each event.
Alter mahy events, the coni sections tend to overlap
at the location ol the source in that plane.

Fiaure 3 shows the resulis of a Mame Carla sim-
plation of ow an idealized deicctor with pecleel po-
sition, timing, aod pulse-height resglation would find
the lpcation of a point sowree placed a1 the ongin af
a plane paralle] v the derector planes. There are 15 de-
tecred newirons foom o point source &L the origin of the
plane, which is parallel to the detector planes, In this
goomctry, the interseclions of the cones with this plane
form ellipses that all crass through the arigio, 11 the
spurce were instead al some other location in the planc,
the ellipscs would cross a1 that point,

A scheme in locate nowron sources in three-dimen-
sipnal space is a peneralization of this method, A
method to vicw the overlapping cones from differ-
et projections s needed, and different shading or
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Fig. 3 Monte Carlo simulation of how an idealized de-
rector with perfect positiea, oming, and palse-heighl 1eso-
turion world be uaced 2o find the Jocation of o poing waree
placed ar the erigin of o plane poallel o the deroutor
planes.

coors coold reprosens e density of the cangs, per umit
vodume.

[T, TACTORS INFLUENCING IMALE
RTSGLITTION

A sharp, pointlike image as deseribed in Sec, §1
cannod he expecred fromm g real detecror. Instead, the
imiging capability is limitzed by istromental resolution
elfecrs that are the tesult of the finite vell size, the pres-
ence of carboen aod ofher materials within and neacby
the scinllatar material, and Lhe photon vigld of orpanic
seinidlaters, I addition, if the ncutron-producing re-
action in the soarce geneates wulfiple nentrons or pro-
duces other paricles that inwract inthe detectar, the
image gualiey can alse be affeered by coineidencey be-
tween thise particles,

The cell sive uffevts oot only the uncertathey in the
locatran of the come apex but also the flight distance
for the neatron belwsen scatiers. bor mega-cleciron-
volt-range neutrons, the muean-tree-path in KE-102
scintiliavar material is ~5 cm, and therefore the opti-
mum 2ell thickawess that masimizes derecrinn efficicney
vet suppresses multiple scuttering is on the sder of a
lew ventimetres. The flight distaner wncertainty i
roughly equal o hall the cell thickness, 5o 3f the gap
berween planes is ut least Tour thmes the cell thickness,
this “cell stee™ contriburnan to the seattered oemron vo-
crgy resclution iy < 20%,

The scattering probabilitics in oreams scintillator
for mega-eleciran-voli-runge neutrons ane aboat equal
for protons compared wich ¢arbon. The carbon scul
tering regction changes the direcnen af the noutron
and decreases irs enerpy sliphtly while prodocing vie-
tually mo light, Because of the small neatron: carbon
mass ratio, the ocotron wads 1o scatter thraough a lnree
angle, |f such a scatter occurs, the reconstrucied -
dent neutron vecton is greativ changed.

The same applies for seaters on PM abes or strie-
tural framework. The ocutrons must pass througl she
tubes on khe hack side of the tromt plane to reach the
second plane, and any scatter Leonds 10 destray the in-
formation in the event. However, tyvpical tube masses
{without magnetic shieldingp are < 13 g Aseuming the
tubes are hall 5300- aod halt iron, the scanering prob-
ability 15 estimated 1o be <300 for the vondipurations
discussed in this paper, which represents only a smizl]
loss in cfficiency.

The pulse-height and the timing resolotions are
bath governed primarily by the number of phetaslee-
troms gengrated in the photocathodes of the PM 1ubes,
which i= a4 smail number in any arganie scintidlator de
tecting few mega-cleciron-voll proton recoils. Cells
should therefore be designed Fur optimum light collee-
tion prapertics, Thiowgh the use of merallic wrappings
or coarings, it may be possible 1o collecr 300 ar mare
of the ligtn generated in an optimal cell. Other factors
influencing the pulse-beight resaolution are the varition
i the light polleation efficieney throughout te selune
ol the sell, the PM tube gain dispersion, und the elec-
tronic noise.”

Coincidences berween two partickes ermitted in the
samy reaction are possible and, under the vondition of
high ahsolute singles detection ef licienes . are numeri-
cally comnparable wich the froc dooble seatlers. Becaose
the cones celeulated tor these events arg calculated in-
correctly. such false coincidences will conrribure ro
4 broadening of the rme image. 1o the case of *=Ct
spontancous lission, & averape of 1.8 nenrrons™ and
~9.7 pamma ravs 5 coitted per Fission,” Far <Py
these numbrers ace ~ 2.3 and 7 per fission, respectively.”
Sewdrons cmitted in Qe ) TeRclions can be asoanipa-
nied by pne ar two gamma ravs, A RO THY iner-
acting i 1he roor plane in combianarion with a neutron
interacting in the second pldie somenimes passes as
a neurran daoble searrer. An additional ceincidence
mode, ol concern at least with a 77O souree, is a sin-
ale sgaiter inthe from plane for one neutran and sin-
gle s¢arter in the sceond plane Tor anetbicr,

Other pamma-ray counsidences, such as a pgamma-
rav douhble scatter o 4 scarter o each plane by differ-
gl pamma ravs, can be eliminated based on the
apparcol TOF helween planes, provided the detectar
hias reasonahly good timiog resolution and the plene
spacing s kept above u reasonable minimum. This
chimination is passible because =20% of the gamma
ravs emiited in the lission process are produced o the
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first nanosceand after the fission® and because mega-
electron-volt-range neutroa fligh 1imes are tvpicatly a
least ten times that o phowns over the same flight
path,

Y. SIMUTATION OF DFTFCTOR
CONFLGLEATTONS

To vxplore the effects of vanows delector imperfee-
tions and quantify detector performance regarding cell
dimensions, aps. ovulron coergics, and saurce-detsec-
rar peometrics, 3 Monee Carlo code’ is emploved. The
code, which is a descendant of a code® used ro simu-
luwe single.cell neuwron detectors in low- and medium-
enetgy physics for many vears, is specially adapied 1o
the multicell, muluplane configuraton. locleded in the
code are neutron mreractions oo protens and carbon
and pulse height and timing jirter effects due 1o pho-
Taelectoon stahstics, The proton hght oatput curve used
in the simulation is taken from the liverature.® For
mare details abour the code, see Rels. 7 and 5.

A detector similar 1o thet shown in Fig. | is sim-
ulaled using maostly realistic assumptions about the de-
rector properties, Here the elements are made of
NE-102 commercial scintifllator, 4 em thick, 4 em high,
and 5 cm long, which are arranged in a 10 x M grid in
each plane. The planes are separated By a 12-cm gap,
and e source 15 40 em from the froot of the first
plane.

The enerpy spectrum of the spurce is taken from
Ref. 109 This distribution could alsa represent that of
the spantangous fissian specinom af any of the isoiopes
af plutoniurm o of the thermal neolcon indoced fission
spectrum of 25U ar 2w, The distribution las a
medn energy of -2.36 MoV and a significant intensiy
upe o~ 10 ey,

The pulse-height resolution can be estimaced as fol-
lows.® A 1-MeV proton stapping in NE-102 produces
only ~ 10-keY-eleclron cquivalend {or ke¥,,.) of light
output.!! Assuming an optimistic value af YHOO pho-
tans MeV,, praduced,” " 15% light collection coffi-
ciency. and & 25% quantum efficieney, the reselr is
only 37 phowoclectirons. Poisson statistics would indi-

TBecause the Irue enerey apectirum s oot sirc |y Max-
wellian, W cunmot he characterized by a single tomperature,
Jeki et &l.'" give 3 Maxwellian (emperature of 1.57 Mev
firr cnergies =1 eV and o temperature of 1.3 MeY oth.
erwisc. We nse a spectrum 1har is an average of these 1wo
distriliitioms.

RReference 12 gives the value of 15 000 photons MeV,,
in anthracens (wucleur Enterprises specifios 65% of this as
the salue Far NE-LU2), Birks™s value" i perhaps too high
by a factor of 2 or more, Our own measurements of Lligh
ouiput in Bicron BOC-408 (similar o NE-102) indicale rha
UK MY, (= 65T of 150007 ity be oo high by a Tacior
ar .

cate a standard deviation of 16" in pulse beighe. The
effects of an especied 45% dispersion in the PM fohe
gain and 0% geometrical variarion in e lzht colle-
tion cfficiency worsens the résolution seauewhat be-
yond this, mving a pulse-height resolution of ~200,

The timing resolurion 15 given romghly as one-hail
the product of the seintillator decas time and the frac-
ngnal pulse-heiphn resolution. ™ The scintillaror ma-
lerta] ME- 1412 hus 2 decay vime of 2.4 18 and therelore
will have a timang resolution of wbhout o = .25 as for
the aforementioned 1-Me¥ proton. This value trans-
lares into about 0.35 ns in TOF resolution when both
tubes are counicd. However, the flight fime for a
-Mle oeutren over o ZU-om gap 1s 15 o, Lherefore,
1his tiining jitter = an insignificant contribution to the
scattered neurron enerpy reschition compared with the
Might path vnesctainey trooe the Tinie cell siev.

In the simulation, assumptions abaut pulse heizh
and riming jitter were made thal were consistenl with
the foregoing two paraeraphs. A valuc of 367 photo-
electronMeV, of Lishe senerated in the cell was as-
sumed. Gain dispersion in the PM tube was taken as
epyy = 45%1. The timing resolution on a given cell was
taken as o = 0.08°%" % 155 where £ s the light oulpul
in MeV,

Therc are twa tests (o1 cuts) required by the analy-
sis software, T reconstruct the energy of the seactered
neutron in an unambiguons fashion, it is required that
one cell anly per plane can have a hit, 1f here s 4
ereater funnber than this, the event is discacded on the
Basis of multiplicity. Between 5 and 100 of evenrs
were eliminated by the muoltiplicity cur, Adse, diserim-
inaic theesholds were simulated by reguoiring a mini-
i af 130 ke, pulse height in cach gell.

The simulation of severzl ellipses thar would resull
froom this detector when used with 4 peind souree 1o-
cared al & posilion {415 vm, +15 cm) in the plane s
shown 1o Fig. 4. The finite cell size, carbon scatlering,
and pulse height and timing cesolution coniribute tair-
reclucitie random errors in determining the ellipses, so
that they do not cross ar the sauee location., The main
contriburars are the cell siee amd the resolotion in £,

Fipure 5 shows the density af the elliptical lines,
constructed with the superposition of 12000 ellipses Tor
the same simulaed detecier confliguration. The con-
[ours cepresent various percentages of the maximuot
density. The image resolution is taken as the diamever
of the 5% contour. divided by 235, and s — 12 cm.
This value translates inte an angular resclunon of ~ 17
deg, a quantiry thar remains roughly invariant when
imaging sources at 4 grewter or shorter discance away

*The formula Bengsion and Mosesmaki pive and test
was [or paper-wrapped scicillators, md Lthose wrapped in a
reflective material such as aluminum fo1l. 1*ulses trom foil-
wrapped elements may have long 1ails from later-arciving
photans. Tnosuch a case, the timing resclution may be a fac-
1or uf 2 worse than that given by the formula.
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Fig. 4. Monie Carlo siroulation ot the ¢llipses that
would result from a detector similar o the one shown in
Fig. | when used with a point sowree ocated at a position
{+15 e + 15 cman the plane, Here the elements arc made
of NE-102 commercial seintillator, 4 cmthick, 4 ¢m high,
and 5 cm lome, which are arranged in o4 L0 = 10 grid in each
dercetar plane. The planes are separated by o 12-ym gap,
and the source 15 0 cm from ke Tront of the Ticst plane.
The ellipses 1o longer cross al The snuree Ipeation,
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Fig. 5 The density pior construcled for 1he simulaced
dercetor confguration of Fig. 1. The figure here represents
12500 ellipses constructed in the seuree plane by the derec-
tor. The source is Jocated at (= 13 cm, +13 2mh,

froen the detector. When imaging a distnbured rather
than a puint sourge, the image size iocreases sipnifi-
cantly if the source subtends an angle comparable 1o
or greatet rthan this valoe,

Three maodifications to the configuration were
rested. Tn the first, Lhe gap berween planes was doubled
ta 24 cm. In the next, the thickness of the cells was
halved to 2 om while the gap remained at 12 om. In the
last, all cells not oo ihe coepers were discarded, which
lTeft aaly the Four corner cells per plane. Celk thick-
nesses were 4 cm and the gap was 12 cm,

The effects of the modificalions are summarizcd in
Tuble I, In this tahle, the efficiency is calcnlated with
the source at the coardinates {+15 cm. +13 amdin a
plane 40 ¢miin froot of the ficst detector plane and is
stated on the basis of per neutron incident on the de-
tector.* The “Rate™ in the table is the deweciion rare
per 0 nss emitted From an isotropic source. The
“Tmage Resalution® is derived from the diamerer of the
500 contour divided by 2,33 as discussed varlier, In
general, increases in pointing ability are at the cxpense
arf lesser cfficieney. The last modification, which is de-
signed to give simplicity in the electronics and hard-
ware, gives quite a kew cificiency and would only be
uscful {or hixh source strengths combined with long
counting times.

The painiing ability of the detectar can be im
proved by raising the minimum pulse-height requite-
ment far the front plane because the larger pulse
heights will give betrer £, reselution., Ior the case of
the detector with the 24-cm gap between planes, the agd-
ditian of a 330-ke¥. cutl on the pulse height in the
front plane resulis in an image resolution of 9 deg. The
detection efficiency. howsaver, drops by 73% ip cam-
patison with the value in Tabls 1.

I appears likely that an image resolution of berier
than 10 deg is within the capabilities of this type of de-
tector. However, how good of & pointing ability s
necded and how high of an efficiency is needed witl he
determined by the pacticular application.

¥, EXFERIMENTAL

Wi have not yel constructed a detector of the com-
plesitty and expense deseribed 1o the See, 1V Instead,

The rate at which mewtromy are detected when cmiccesd
from 4 isalroplc sourcc is taken s the prodoct of this ot-
figiengy, 1he rate a1 wluch neulrons 4rc emmied from he
sowrce, and 1he fraction of solid angle subrended by the Froon:
plane ¢l the deteciar. For the baseline case and the firsd two
modifications, this fraction is i, The “detection rate™ i
the rate gt which events irigeer the dercctor and then pusy
sutficlent software cuts 10 he identified as a neutron dowbic
scaner, The detcotion cate then depends on the stringency
of the curs. In this case. only the multiphaaly cut and the
L3 keY,, pulse-height cut were applied,
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TABLE ]

Derection Efficiencics and Angualar Fowmnting
Capabilities for the Baseline Derector
and Theee Madilicarions we 1t

Image
Resolnion®
ideg)

Rare"
{Hz]

Efficiency
Contigurarion %)

LW cell - plage 155 96 17
d-cm thicknesy
12-cm zap
{bascline casc)
1) el plane | .01 53] Ll
d-ym thickness
2d-cm gap |
{bascline casc) :

100 el plane Da0 4R [

2-cr cell thickness

12-cm gap
(haseline case)

4 corner cell<plane -—- {.154 17
4.crn thickness .
12-cim gap i

(baseling case) i

A0etection efficiensy per newtron incident on che
driector,

PRate is the product of 107 nes, the fraction of the solid
angle subtended by the detector swith the source at (+15 cm,
+ L5 em}in a plane 4% o in fooou of the detector (—~ E.IE
for the Ticst three cases), and the efficieey.

“Image resalwion tuken as atglan{a /40 cm), where o is
the diameter of the 30%0 contour divided by 2,35,

we rcly on the use of an acceptable substitute detectar
13 test the applicability of our simubation code and our
assurplions aboul detector bochaviar., We use a neu-
trom detector that is designed fior another application
{in the 100-MeY raoge) thal has some major differ-
ences {rom the detector described eagrlier.,

The detectar is shown schematically in Fig. 6. It
consisis of two planes, conlaining four 4-cm-thick,
d-vm-high, 50-cm-long cells per plane. The scintillator
material is Ricran BCAQE, which is similar 1o NE-102,
The gap between the planes 1s 20 cm. Each cell bhas two
PB ety [i-in. Amperex XP2972-02), located at op-
positc ends af the cells, The anode signals pass into a
splitter box and then into twe custom-made amplifiers
with gain facwors of 200, The output from one ampli-
fier leads to a constant-fraction discriminator, which
then leads thiraugh ~ 150 ns of delay to a time-to-dig-
ital converter (TDC) stop. The other gutput Jeads
through — 166 ns of delay into an analog-to-digital
comverter (AT, Each cell therefore has two ADC
channels and vwa TDC chunnels associated with i, The
rigeer requires hiwh ends of a cell in the front plane

Fan PM Tubes

¥ Horizontal Dimension
Y Vertical Dimnension

]
Bource

Fig. fi. Bchemang drawang of the sxpenmental detector.
The time difference between the ends is used 1o find the hit
position within 4 cell. The gap between the planes is 20 cm,
and 2 *CI source s located 20 cm from the front plane.

along with Both ends ol 2 cell in the second plane o
fire discriminators. The TDCs arc all starecd with the
trigger and stopped by the individual end’s disctimina-
tor oulpul.

Hit positions within a cell are determined by the
time differgince between the twa etnds i a tnanner thar
is described in some detail elsewhere.’® The hit posi.
tion is given by the me difference multipbied by one-
half the effective velocity of light in the scintillator (the
“delta-t™ method). The posiion resolubion for our bary
was measured as a, = 15 em for a 'VCs (662-keV
gamma-ray) source.” The resolution s this poor be-
cause of low liEht collection ef ficiency in the bars due
to the use of -in. PM tubes that are much smaller
thaa the bar vross seciion. From some ADC-based
measurements, ib was cstimated that there are only 55
photoelectron/MeV,. in this detecrar, We found, how-
ever, that ihe detector sull wocks satisFactorily in some
EEHTICETIER.

The light output af a pulse in a cell is taken as pro-
porional o the geometric mezn of the net ADC vl
ues in each end. The gain scale of each cell is set and
manitered by collecting ' Cs pulse-helght spectra in
singles modre and comparing the Complon edge loca.
tion ta the location of a Monte Carlo—calenlated spec-
trum with the same energy resolution. [ is determined
from the Monte Carle studics that the gain scalc
should be set 50 that the three-quarters heighr of the
Complon edge corresponds o 478 ke, which s in
agreement with the findings in Ref_ 3.

The measurements io date were made using a

fThis energy was chinsenn becauvse wthe resuliing Leght
wulpuwis are gomparable o those for the average secoil
proton,
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20 source with a strengrh of 30 + &0 fissions. Be-
cause of the concern withe talse coincidence events in-
volving gummy ravs cmitted in the fission process,
measirements were made with a shizlded source as well
as with the bare source, The shield was a square slab
o lead, —5 cm oo a side and 8 mm thick in the direg-
ticn af newtron travel. This thickness was chosen (o
eliiminate B0 al the gamma rays while scaltering or
dbsurbing < 5% of the neuwtrons. Because the lead pref-
erencially absarbs the lower enerpy zamma rays, the
eoerey spectoorn of the surviving gamma rays 15 harder
than that from the unshielded source. These pamma
rays tend to produce a large pulse heiphl comparcd
(9 a recoil prowon. Experiowntal megsorements were
made with and withaut the lead shield of the < Cf
singles pulse-lizight spectrum in one ot the cells io the
detector array. When the measucements were com-
pared W Mome Carlo predictions, it was confirmed
that the lead shieid was working as espected.

Helore restrictive liming was included in the coin-
cidenvce gare, the hardware rigger rate Prom oam
backpround wis ~ 50 Fle, tsoslly due ta environmental
eamoma ravs dnd cosrnic ravs. The computer dead time
wis =30 under thess circumstances. To reduce the
rate, the coincidence gare was moditfied ta require a
wminimumn delay of -4 os aiter the fering of @ e2ll in the
liest plune before the firing of 2 ¢ell i the second
plane. Tis madifcation reduced 1he backeround irig.
per rafe to -0.8 He The trigeer rate with the un-
shiclded source placed 20 cm away from the center af
the frowml plane ol the detector was 3.1 He, and the
livetime was 100%:_ When the lead shield was used, the
trigger rate was 2.4 11z,

The dispursition of cvents is summarized in Tahle [].
The "net™ rates are the "gross™ rates minus the back-
zground rares, The rable also shows the ef fects of re-
strictions upplicd by the sorring softwarg.

The twa main sofrware cots are {a) that the num-
ber of cells trigeered per plaoe must be onity fiest 1)

and (h) that the calculared incident nearron eénergy
(B = £, + L) is <10 MeV {test 2). Gamma- and
casmic-ray cvends are virtually eliminated hecause their
shart TOF translates into a very large equivalem £,.
For the shielded source, the multiplicity requirement
climinates about onc-sixth of the act triggers, and the
cnergy requirement eliminates ~ 6% of the remaining
events, These cors eliminate a greater fraction of the
ool triggets when the bare source s nsed.

Figure 7 shows the recail-proton energy spectrum
in the tfront plase of the detector fot the shiclded flive
time of 23.8 h} and unshielded source {live time of
18.2 h) For thase events that pass the above software
Llests, reonmalized o 23.8-h live time. The lead shicld

15000

I'_L —— Barg Sowrce

1.2 00} —— With Lead Shicld

Comnts

30cd

Proton Energy (Mew)

Fig. 7. Recoll-proton energy spectrum obrained in the
tront plane ol experimental detecior for those evencs that
are deterniined to he valid oewrron double scarcees. The pro-
tem energy is caleulated from the pulse intensity, which is
ther inverted msing a prown light awpul cueve, The ef Tect
ol the Bead iy W greatly reduce the gamma-ray flux and
thereby the number of pamma-ray/noucrron coincidences
1har pass as noutron double scarress.

TATLE 1L

Irigger Kares undd Evenr Hatos Passing the Main Software ests for a 77 Cf Source 20 em in Fromt
ot the Expenmental Praon pe Detector Wich and Withour $-mm Lead Shielding

T T
| ' With f-mrm '
: Bare Saurge Toead Shield
Barckground,
Mrazurement Tvpe Cross MNrt iross MNet ross
Teieger rate (Ela) RNk 224 2.0 1.19 .81
Test I:owerit rooudiiplicity o each plane IR 1.78 161 .00 0.&0
Teal 2z test 1 amd incicdent mwergy < 10 Wel 1.6 1.54 1.6 0,94 0.1
Test 32 1test 2 aod protom energics snch rhal
08 Ep 2 37 MoV ol D8 < £ - . 0,84 Q.80 56 0.52 0.034
¢ Test 4 test 3 and back planc proron cnergy ‘
! such that E, . < 2E, | 0.50 0.48 .39 0.37 0.01%
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clirninates 4 higher percentage ol events with lower
cftective proton cocrgics {lower pulse heighis). The
events with higher than 3.9-Me¥ praton enerey (1,40
sMeV..) have fallen into the overflow channe] of ooe
or both ADCs. From Monte Carlo studices of the de-
tector, it is determined chat the true nearron doukle
scarters are very unlikely to give 1.4-MeV,, pulse height
in cither pane, and therefore the events in the over-
flows are prahably due (o orher coincidences.

Test 3 in Table 11 s designed 1o eliminare the bard-
wire effects caused by discriminator throsholds and
ADC overflows. An §.48-Me¥ minimum protan energy
{cormesponding to the 0 E3-MeV, pulse-hisipght range)
in fonctt planes 15 used w insure that the caleulation and
eaperiment dre on the same basis regarding the diserim-
inatar thresholds. Cnly with this our can a camparizon
between the measured and caleulared efliciencies be
made. The proton eoergy in the froa plane is also re-
guired to be < 3.7 Me¥ (1.30-Mc¥,, pulse height).

Fiogire ¥ shows the proton anerey specteuim again
wilh this additioog] soitware cat added. The Monote
Caurley cabeulated spectrum shown in Fig. 8 is normal-
i7ed ta the same number of neurrons emitied from the
saurce dy o the expuerimenl. All (hree sofware Lests in-
vluded for the experimental data arc included lor the
onee Carle calculation. The calculated detection rare
is hO79% per fission event, which érits on the aver-
age 3 85 neutrons. The uncertainty oo the calculation
can he taken as 153%, with W% due (o the uncertainey
in the source steeneth and 10% due 1o the oacenainty
in the enerey specirum.

{dnly 5% of the simulated events (compared with
=100 of rhe net experimental rriggers) fails the mul-

10 000
- - Bare Source
000 - — 'With Lead Shield
— Calculated
F I Y4 V]
=
o |
=]
4000
2000
D r—d
0 4 5

Proton Energy {Wey|

Fla. 8. The same spectram as in Fip. 7 except (hat a
Prolan eneigy cot of 08 MeV <2 £, < 38 Me¥Y on both
planes was used. Alse shown i the Monie Carlo-calculated
speciiunt for che sgme number of source fission evemls, The
proran soecey cul s usied oo eender a valid eomparison be-
o een Lhe exprecioental and caloulared curves, Theae is an
excesy number of counds in the enperirmenal spectea proba-
hlv diwe o coingidenges between dilTeeen! pariicles.

tiplicity test. This 2% failure rate must represent sin-
gle neutrons that scatder 1o af least three cells because
in the Mante Carlo code only ane nedtson is emitted
Irom ihe soucee al a time, The 1% excess of ovenls
failing rhis tesi cxperimentally must be caused hy sep-
avate particles that are eminted in the same fssion
cvenl,

The experimental spectra have greater numbers of
counts than the Monte Carlo caleulation predicts, pre-
sumably bocause of false coincidences berween gamma
rays and neutrons ar fwo neutrons emitted during the
same fission evenl, An eslitnate of the relative impor-
latice of hese false coincidendces can be made by com-
paring the forcgaing caleulated noutron donble seatrer
rate {prer Fission) with the produce af the singles rales
[per fission) th the twe planes. il these numbers are
comparable, tbe Lkelihood of significant contamina-
tion from the fabse coincidence events is indicated, The
caloulated nearran singles rates in the fest and second
planss are 8§ and ~ 1% per Ossion, respectively. The
product of these two rates is ~0.08% per fission, a
number roughly equal to the detection rate oblained
with the Monte Carlo code result as shown in Fig. &.
The product of the calculated gamma-ray singles rare
in the front plang (oot including the effect of the lkkad
shieldingd with the neutron singles rare in the back
plane is ~0.17% per fission. The lead shiclding reduces
this product to &.05% per fission.

To check experimenially for the presence of false
coincidences, 1he detection rate was measured with the
unshiclded source moved back o 60 em from the front
plane of the detecror. Primarily because of solid angle
Factors, the absolule elficiency for detection of coin-
cidences between 1wo differeot partcles should doop
by a factor af ~20, while the desired newtron double
scarker efficlency should drop by & factor of -5, The
measured raie i this souree locauon with the glore-
mentioned software curs was - 10% below the Monte
Carlo-calculated rate. When the source was in the
cluser posaton, the rawe had been 80% higher than the
calewdarion. [t is cherefore concluded that the first three
sollware ¢uls are nsofficient 1o eliminae false coingi-
dences,

A method (o0 eliminare many undesired coingi-
dences was Tound by examining the experirieotal data
for hoth source locations o comparison with the
Monte Carlo predigtions. I'he specirum of rhe variable
X — {E}..y’.E_.,}” 15 shown v Fig, ¥ for the sae data
seb that was prescoted 10 Fig, 8 This vanable 1s the
square roo of the scartered proton energy in the back
plane divided by the energy of 1he aeutron that is sup-
poscd to be causing the scatter. Theoretically, this
quantity slould never exceed aniry, but when resolu-
rion elfects are incloded, it can be as great as 1.4 The
cxperimenial Lail ea this distribulion must represent
coincidences that are not newtron double scatters.

To reduce the nomber of undesired coincidences
from tht experimental specioum, another s (test 4
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Fig. 9. Spectrum for the quamity v = ¢£, . 7F,)'°
with the same sofiware cuts. The excess counts i the exper-
imental specrrum ofen bave x; values greater than g
pected for trwe neutran dowble scatters. The addivion of g
sOFWARE CUl &n . 15 suggesicd by this plor.

in Table [T} was introdueced that includes the restriction
that x; < 1.4 Other minar cuts of thiz nature were
also included, This final se1 of cuts eliminated - 3%,
of the events in the experimental spectrum from the
shiclded souree (= 30% for the unshiglded somree) that
remained from the previows cuts, Ooly 8% of the cor-
responding Monte Carlo eveonts were eliminated.

The recenstrucred moidens neutron energy spev
trin with these soltware requirements 15 shown for
the shictded souree io0 Fig. 141, The calenlared detection
rate 15 (L.066F per fission event,” The neasurvownt
gives ~0.059%% with 1he Jead shield {0.077% without).
Thu disggreement between the calculated and the mea-
sured rates can be explained almost exaciy by the 1185
difterence i the probability of passing the mulciplic-
ity Lest.

The effective 2-MeV theeshold energy Yor this de-
recwor with these sofowsre cuts makes the caleulaled
rate somewhat sensitive {0 the Maxwellian tempera-
ture, so that using a remoperatece of 1.57 MeY in the
calvulations would ioerease the rae by 10%,. The mea-
sured compared with calealated raies wonld sl es-
sentially agree ta within the £10% source strength
wocertaiory, The shape of the specirom would agree
more preciscly at higher energies by assuming the
highet termperature.

The solid contours in Fig. 11 show the density of
the elliptical lines constructed in e saurce plane lor

"The detection rate per emiltel neutron is then 0179
besvanuse shere is an average of 3,85 nihssion, bor the pua-
potes of companng this detectar with those in Table 1, 1he
“eligieney” can be staced as 0019 per neuron incad=m om
the detevror,

- With Lead Shiuld
1000 T Cal;ulated

5 10
a
L]

10

1

! 2 4 & g 10 12 14

Neutromn Energy (Mey]

Fig, 10, Heconstructed incident neureom cetps spor
trum for the shiclded *7CF source with the final software
cuts. I'he incident enerey is laken as the proton enerey i
the frone plane caloolatesl from the palse heigho plus le
scattered neutron energy determined from che TOE. Calgy-
lateel anel mensured spectra are seen 10 bave close 1o e
same cfficiency, but the wncenainty ine the calcuiation s
= 15%g.

events pussing all the soltware cuts discussed eaclier,
Ln rhis measurement, the source was lacated ar 19 cm
1o the right of cemter in the image plane, which i 20 om
10 fcont of the detector. The contours are at 25, 50,
and T5% ol rthe maximuoen density, The point ol mas-
i density io this plot s very near the true source
position. The large image size is primanly dog 1o the
poar hit position resolutian within the cells,

The dotted contoors shaw the resalts of the Monie
Carlo simulation as applied to the staled experimaental
canfiguratian. The shapes af the distributions and the
location of the maxima are in good agreement bebwecn
the experimeni and simulatien. The diffecenees ¢and
some of the differences in Iig. 10) can be due 160 using
the inverse of & proton light output curve taken from
the literature o determing the procosn enermes from the
pulse heights in the experiment. W have not made
messurements to verify this curve. The corresponding
process when wsing the Monge Carlo code is essentially
exact (neglecting resolution efTecis).

Even with its poor hit position resalution, the de-
tector 15 capable af counting whether thers are one ar
tw D sources present i e sourees are separated by at
least 19 eme. This capahility is illustrated in Fig. 12
Shown b5 a projeciion onto e v thorizontaly axis of
the esperimental data shown in Figo 11 with s maxi-
mum located at 1% coy. Also shown is the same distri-
bution (For a ditferent experimemal run) with the
soarred Joated at v — 00 Thethied curve 15 the sum of
the ficst two corves, taken to represent the image From
twa sourges, The summed distribution is broader than
either single-spurce distribution. By analysis of the
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Fig. L1, Density plot af data ohiained in eaperimennal
setup (solid lines) with the source Located an {4 19 o, D onn
at a 20-rm distance from the front plane, The Mome Carln
sinaukatiot {dotted lines) as applicd to the above experimen-
tal configuration is alse shown. The contours shown repre-
senl perierndages of maximum density. The shapes of the
distributions and the location of the maxima tend to con-
firm the acearacy of the simalation code.

width and shape, tne could determine that there 15
grealer than one source present, peovided that there s
confidence in the detector respanse.

¥, DISCUSSION AND CONCTLUSIONS

The Monte Carlo code has given us a (ool to use 10
compare various designs. The experimental measure-
ments have demonstrated the feasibility of a4 neatron
imaging detecrar concept and have tested compueer al-
gorithms that could be used with an operaring detec-
tor. The measuremnents coafirm a reasonable degree of
accuraey of the Monte Carlo code in s prediction of
pulse-height distribwdions, neutron derection efficiency,
and image reselution.

Berween the experimental and modeling work, we
reached some general conclusions about detector de-
sign. The trigger rate from room-background evenls
can be substantially reduced by a suitable time-delayed
coincidence, Further background ceductions can be
achieved by software TOF and pulse-bright tests. The
use of the deltat method For finding hit pasitions sig-
nificanily diminishes the image quality Tor 1ssion spec-
trum neutrons and is oot recommended. The false
coincidences between a gamma ray and a newiron or
between two neutrons emitied in the same fission can

distort irmage qualily. Tlee samind flus, especially ar
tawer ¢nereies, can be reduced by wsing lead shielding
without significantly ahsorhing or scattering the nou-
trom tox. Thye wse of a scintifarer maerial that allows
pulse-shape discrimination to climinate gamma-ray
evenls cian be recommended

When an actuul detector 1s designed, trade-afTs
must he made between derection cfficicney and angu-
lar imee resolution, In general, impeoving one dimin-
1shes the other unless the complexty of the detector
increases, For instance, using smaller cells gives im-
proved angular cesolution and decreases efficiency un.
less more cells are added o the array. A larger gap
between planes has the same effect, The addition of
S Tware requirements, such as raising the effective dis-
criminawer threshold, can produce enhanced image
quahty hui always at the exipense of efficiency. De-
pending on the specific application, it may ot may oof
be usefol to add io such requirements.

The image in Fig. 5 (from the simulation) was ob-
tained weth 12000 ellipses superimposad. The efti-
cicocy results in Tahle [ show cthat if the ocmncan source
strength for a nuclear warhead is ~ 10° nss, the image
can be collected in -2 min, Hopefully, this speed s ad-
cquate, and higher efficiency is not oceded. The toral
singles rate in the front plane should be ~ 1500 Hz, and
i 1he back plane ~700 He, under the assumptian chaf

| 2 Sources
_,.r"'-;d T,
jl'lt}cm 9
1- Y 19 cn-l'l_

Counts [relatwe)
1
iy
I_l_
__l'
'

61
-0 0 20 A0
Haorizontal Positicn oml

g0 -40a

Fip. 2. Progection o 1o e o axis of the exprerimenial
density plivis vbitained woille soeroe presiiiones [ 1 19, 0 cinp and
S0, 0 et Al shown s the saremeation o the pwo ndivid-
wal apesitra, taken 1o reprosent one cxpected spoctea For two
sources measured simualtancously. A carcful analysis of the
wideh and shape of the spectra could distingaish whether
theTe are ane ar w0 Souroes present.
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the singles detection efficiency is —25% (lor either neu-
Irans ar gamma tays) per plane. A resolving time of
50 ns pives an accidentals rate of <1 Hz; designs with
higher efficiencies than shown in Table | will therefore
give Fastet results without excessive problems from ac-
cidental coincidences.,

In practice, the neutron and gamma-ray sodree
strengrh ¢an be substantially higher than these esti.
mates, depending an weapan design and age. There
also can be strong gamma-ray and oeutron back-
grounds present, which are produced by nuclear
weapans of matenals thar are stored nearby. These cir-
cumnstances can lead w accidental cate of computer
dead-time problems. Only by field testing can these is-
sues be addressed,

There are some unceselvied neutron tansport prob-
lems. The neutran sources within a warhesd arc distrib.
uled rather than point saurces, The effects of neutran
scatlering within the warbeads or missile can be sigiif-
want and energy dependent. Reflected nevtron fluxes
wilk be present if the measurements are to be made in
z confined area.

Practical cansiderations in the defector design in-
clude minimizing the mass of the structure and the PM
tubes in relation to the scintillator mass, The detector,
electronics, and analyzer must be integrated into a por-
table anit Tor feld wse.

The real design prohlemy 1s more complicated than
simply optinizng performance, The guality of image
that the detector is allowed to produce can be limited
if there is cancern about revealing sensitive informa-
tion aboul warhead o missile designn, The incident nen-
tron flux will be determined by how closely the
detector is (o be placed near the missile. This, In turn,
can be derermined by pragthical ot by political con-
straints.
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